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Functional Analysis of the weaver Mutant GIRK2
K1 Channel and Rescue of weaver Granule Cells
Paulo Kofuji,* Magdalena Hofer,² Kathleen J. Millen,² gene, which encodes a G protein±gated inwardly rectify-
ing K1 channel (Patil et al., 1995). GIRK2 cosegregatesJames H. Millonig,² Norman Davidson,*
Henry A. Lester,* and Mary E. Hatten² with the weaver locus (Millonig et al., 1996). GIRK chan-
nels affect the excitability of cardiac atrial cells and of*Division of Biology
California Institute of Technology several types of neurons and are activated by direct
interaction with G proteins (for reviews see North, 1989;Pasadena, California 91125
²Laboratory of Developmental Neurobiology Clapham, 1994; Kurachi, 1995). To date, five members
of the GIRK gene family (GIRK1 through GIRK5 or Kir3.1The Rockefeller University
New York, New York 10021-6399 through Kir3.5) have been isolated (Dascal et al., 1993;
Kubo et al., 1993; Lesage et al., 1994; Krapivinsky et al.,
1995; Hedin et al., 1996). It is presently thought that
GIRK channels are heteromultimers of two distinctSummary
GIRKs (Krapivinsky et al., 1995; Kofuji et al., 1995; Le-
sage et al., 1995; Velimirovic et al., 1996). The mutationIn the neurological mutant mouse weaver, granule cell
found in weaver GIRK2 exchanges a glycine residue forprecursors proliferate normally in the external germi-
a serine in the main pore-forming domain (Patil et al.,nal layer of the cerebellar cortex, but fail to differenti-
1995). This amino acid is conserved in nearly all inwardlyate. Granule neurons purified from weaver cerebella
rectifying and voltage-gated K1 channels (Heginbothamhave greatly reduced G protein±activated inwardly
et al., 1994; Doupnik et al., 1995).rectifying K1 currents; instead, they display a constitu-
To establish the function of GIRK2 in granule cell de-tiveNa1 conductance. Expression of the weaver GIRK2
velopment, we studied the expression of GIRK channelschannel in oocytes confirms that the mutation leads
in cerebellum, the electrophysiology of weaver granuleto constitutive activation, loss of monovalent cation
neurons, and the functional properties of the weaverselectivity, and increased sensitivity to three channel
GIRK2 channel in a heterologous expression system.blockers. Pharmacological blockade of the Na1 influx
We find mRNA for GIRK2, as well as for GIRK1 andin weaver granulecells restorestheir ability to differen-
GIRK3, expressed in cerebellar granule cells and else-tiate normally. Thus, Na1 flux through the weaver
where in the CNS during development. We also findGIRK2 channel underlies the failure of granule cell
GIRK currents in cultured wild-type postnatal day 5±7development in situ.
(P5±P7) granule cells, but not in P5±P7 weaver granule
cells. In addition, the weaver granule cells acquire a Na1
conductance. These properties of the weaver granuleIntroduction
neurons are explained by functional analysis of the mu-
tant channel in Xenopus oocytes. The oocyte experi-In the neurological mouse mutant weaver, CNS precur-
ments also allowed us to demonstrate blockade of thesor cells in the external germinal layer (EGL) of the cere-
weaver GIRK2 channel by the cation channel blockersbellar cortex proliferate normally (Rezai and Yoon, 1972),
MK-801, QX-314, and verapamil. We then used thesebut fail to undergo early steps in differentiation. They
drugs to rescue the weaver defect in vitro by sup-neither extend stable neurites (Willinger and Margolis,
pressing Na1 entry through weaver GIRK2.1985) nor migrate along glial fibers (Rakic and Sidman,
1973; Sotelo and Changeux, 1974; Hatten et al., 1986).
Experimental analyses of the site of action of the weaver Results
gene, by cell mixing experiments in vitro (Hatten et al.,
1986) and by the production of chimeras (Goldowitz and Expression of GIRK2 and Other GIRK Gene
Family Members during CNS DevelopmentMullen, 1982; Goldowitz, 1989), demonstrated that the
weaver gene acts in granule cells. Rescue of weaver To investigate whether GIRK2 mRNA was expressed in
the developing cerebellum and CNS, we performed ingranule cells was achieved by mixing with wild-type
granule cells which resulted in neurite extension, migra- situ hybridizations. GIRK2 transcripts were detected as
early as 14.5 days postcoitus (dpc) in the ventriculartion along glial fibers, and expression of differentiation-
specific markers (Gao et al., 1992; Gao and Hatten, zone of cerebellar anlage including the rhombic lip, the
area from which granule cell precursors originate (Figure1993). These experiments supported an earlier hypothe-
sis (Gao et al., 1991) that local interactions among EGL 1A). From 17.5 dpc to P6, GIRK2 expression was ob-
served at high levels in the EGL in both the outer pro-precursors are essential for cerebellar granule neuron
differentiation. liferating and inner differentiating zones and at lower
levels throughout the cerebellar anlage (Figure 1B) in-The weaver locus has been mapped to distal chromo-
some 16 in the mouse, which is syntenic/homologous cluding the internal granule layer (IGL) (Figures 1D, 1E,
and 1I). Analysis of tissue sections taken in horizontalto the Down's syndrome region of human chromosome
21 (Reeves et al., 1989). A fetal brain±specific transcript and frontal planes revealed no regional (medial/lateral
or anterior/posterior) differences in expression of GIRK2map in this chromosomal region allowed mouse homo-
logs of these genes to be isolated from weaver mice. at any of the developmental stages we examined (Figure
1E). GIRK2 was also expressed in theweaver cerebellumThis analysis identified a point mutation in the GIRK2
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Figure 1. GIRK Expression throughout Cerebellar Development
Examinations were performed with nonradioactive (A, B, C, I, J, K, and L) and radioactive (D±H) in situ analysis.
(A) Sagittal section through the 14.5 dpc cerebellar anlage (cb) reveals GIRK2 expression in the ventricular zone (vz) and rhombic lip (rl).
(B and C) Horizontal sections of the 17.5 dpc developing cerebellar anlage show GIRK2 expression throughout the proliferating external
granule layer (egl) and within the cerebellar anlage (B). A sense control for this experiment is shown in (C).
(D±F) Expression of GIRK2 in wild-type (D and E) and weaver (F) P6 developing brain. (D) and (F) are midsagittal sections. (E) is a horizontal
section. High levels of expression are observed in the cerebellum (cb), the hippocampus (h), and the olfactory bulb (ob).
(G and H) Midsagittal sections of P6 wild-type brain hybridized with GIRK1 (G) and GIRK3 (H) probes.
(I±L) High magnification of midsagittal sections of P6 cerebellum showing GIRK expression restricted to the granule cells of the cerebellum
hybridized with a GIRK2 probe (I), GIRK1 probe (J), and GIRK3 probe (L). (L) is a sense control for the experiment shown in (K). Abbreviations:
external germinal layer (egl), molecular layer (m), and internal granule layer (igl).
at P6 in a manner similar to wild-type cerebellum (Fig- and IGL in wild-type P6 cerebellum (Figures 1G, 1H, 1J,
and 1K). No regional differences across the anterior/ure 1F).
Since functional GIRK2 channels most likely form het- posterior or medial/lateral axes of the developing cere-
bellum were observed for these genes, and the expres-eromultimers (Krapivinsky et al., 1995; Kofuji et al., 1995;
Lesage et al., 1995; Velimirovic et al., 1996), we also sion patterns were unaltered in the P6 weaver cerebel-
lum (data not shown).examined the expression patterns of GIRK1, GIRK3, and
GIRK4. GIRK4 was not expressed in either the wild-type Low levels of GIRK1, GIRK2, and GIRK3 expression
were observed in many areas of the developing CNS ator weaver CNS at any of the stages analyzed (data not
shown). Similar to GIRK2, expression of GIRK1 and 17.5 dpc, P0, and P6 (Figure 1; data not shown). Higher
levels for all three genes were detected in the developingGIRK3 was found in the cerebellar anlage at 14.5 dpc
and 17.5 dpc (data not shown) and throughout the EGL hippocampus and olfactory bulb. This widespread ex-
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pression is similar to the reported adult pattern for the not caused by a nonspecific flux of ions through the
membrane, because the weaver cells were not perme-GIRK1, GIRK2, and GIRK3 genes (Kobayashi et al.,
able to the large cation N-methyl-D-glucamine (NMDG1,1995).
Figure 3B). Moreover, the ªleakº in Na1 solution could
be also prevented by addition of 100 mM of the cation
channel blocker QX-314 in the bath.GIRK Currents in Wild-Type and weaver
Granule Cells
Toinvestigate whether GIRK currentwas present inwild-
Functional Analysis of weaver GIRK2type granule cells, we prepared cultures of granule cells
in Xenopus Oocytesfrom P4±P6 cerebella and measured whole-cell currents
To find additional evidence that the leak in weaver gran-in [K1]o 5 25 mM to facilitate the detection of GIRK
ule cells arises directly from the Gly→Ser mutation incurrents. Under these conditions, application of 50 mM
weaver GIRK2, we examined the electrophysiologicalbaclofen, a g-aminobutyric acid type B (GABAB) agonist,
properties of wild-type GIRK2 and weaver GIRK2 chan-induced the fast activation (<1 s) of inward currents
nels through heterologous expression in Xenopus oo-that declined slowly over the 30 s test period and then
cytes. The m2-type muscarinic acetylcholine (ACh) re-deactivated upon removal of agonist (Figure 2Ai). These
ceptor (m2R) was coexpressed to provide GIRK2baclofen-induced currents were present in the majority
activation via a G protein±coupled receptor (Kofuji etof the granule cells tested (7 out of 13; 32 6 12 pA/pF
al., 1995). In agreement with previous results, wild-typeat 2100 mV in the responding cells). In voltage ramp
GIRK2 channels displayed large (several mA) ACh cur-experiments, baclofen-induced currents were isolated
rents in K1-containing solution at test potentials be-by subtracting current traces recorded in the absence
tween 280 mV and 10 mV, but small currents in Na1of the agonist; baclofen-induced currents displayed
solution (<100 nA) (Figure 4A). The agonist-induced cur-prominent inward rectification (Figures 2Aii and 2Aiii)
rents rectified steeply in the inward direction as evidentand the expected Erev for a K1-selective conductance
by the minimal outward currents. By contrast, upon(approximately 240 mV in these conditions).
weaver GIRK2 expression, voltage steps in the absenceGIRK currents in atrial cells can be induced by inter-
of agonist revealed both large inward and outward cur-nally perfusing the cells with a nonhydrolyzable GTP
rents in both Na1- and K1-containing solution (Figureanalog through the patch pipette (Breitwieser and
4B). These currents were not caused by a nonspecificSzabo, 1988); we found similar currents in cerebellar
conductance as replacement of K1 by NMDG1 resultedgranule cells. As illustrated in Figure 2B, granule cells
in much smaller currents (Figure 4B).dialyzed with GTP-g-S solution developed persistent
Strikingly, the magnitude of weaver GIRK2 currentsinward currents over a time course of several hundred
was not enhanced by m2R stimulation (see Figure 4C),
seconds. These GTP-g-S-induced inward currents were
implying that the weaver mutation produces constitu-
completely blocked by 500 mM BaCl2 and were absent tively active channels. This effect was further investi-
when 100 mM GTP was substituted (data not shown).
gated by the overexpression of G proteins Gb1g2 with
Thus, currents in developing wild-type granule neurons
the channel; previous results show that Gb1g2 expres-
display all the hallmarks of GIRK channels: activation by
sion activates GIRK channels directly (Reuveny et al.,
baclofen and by nonhydrolyzable GTP analogs, inward
1994; Kofuji et al., 1995; Lim et al., 1995). For wild-type
rectification, and blockade by Ba21. GIRK2, this resulted in the expected 4-fold increase of
To investigate whether weaver granule cells express the basal currents in K1-containing solution; however,
GIRK currents, we purified granule cells by percoll gradi- for weaver GIRK2, the magnitude of inward currents was
ent sedimentation and preplating techniques (Hatten, not enhanced (Figure 4D). These results confirm that G
1985), and recordings were made 12±24 hr after plating. proteins Gbg do not promote the activation of the
While cells derived from wild-type littermates displayed weaver GIRK2 channel.
the characteristic activation of inward currents upon To determine the relative permeability of K1 over Na1
cellular dialysis with GTP-g-S (12 out of 15), the granule for the wild-type and mutant channel, we measured the
cells from weaver mice were consistently unresponsive membrane potential at which there is no net current
to this GTP analog (12 out of 12) (Figure 3A). Importantly, flow (Erev) in isosmotic extracellular solutions containing
both wild-type and weaver cells displayed large out- various mole fractions of Na1 and K1. Figure 5A shows
wardly rectifying currents (59 6 12 pA/pF and 88 6 5 pA/ current traces evoked from voltage ramps in oocytes
pF at 40 mV for weaver and wild-type cells, respectively), expressing weaver GIRK2 and GIRK2 channels. For
similar to the voltage-dependent K1 channels described GIRK2 channels, large shifts in Erev change were ob-
previously in this cell type (Steward et al., 1995). At this served when the extracellular solution was changed,
developmental stage, voltage-dependent Na1 currents indicating a high channel selectivity for K1 over Na1
were small or absent in both cell types (data not shown). (Figure 5A). For weaver GIRK2, the shifts in Erev were
Although the wild-type cells displayed input resis- much smaller. The changes in Erev with external K1 con-
tances >5 GV (probably limited by the qualityof theseal), centration were consistent with PK/PNa $ 20 for GIRK2
weaver cells showed input resistances on the order of channels and PK/PNa of z2 for weaver GIRK2 channels
only 2 GV. This difference was quantified by plotting (Figure 5B). From these results, we conclude that the
the holding current at 2100 mV in Na1 solution for selectivity to K1 is reduced drastically in weaver GIRK2
weaver cells compared with wild type (Figure 3B). This channels. Thus, the weaver mutation produces constitu-
tively active nonspecific cation channels both in granuleªleakageº phenotype in weaver cells was apparently
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Figure 2. Baclofen and GTP-g-S-Induced
Currents in Wild-Type Mouse Cerebellar
Granule Cells
(A) (i) Application of 50 mM baclofen induces
inward currents. The membrane potential
was held at 2100 mV with [K1]o 5 25 mM. (ii)
Current traces obtained from a cell in which
the membrane potential was ramped from
2140 to 20 mV in the presence and absence
of baclofen. Notice that baclofen induced an
inwardly rectifying current but did not affect
the outwardly rectifying current. (iii). Subtrac-
tion of the current recorded in the presence
and absence of baclofen reveals the steep
inwardly rectifying current induced.
(B) (i) The presence of GTP-g-S in the pipette
(100 mM) leads to a gradual increase in the
inward currents. Extracellular application of
500 mM BaCl2 blocks GTP-g-S-induced cur-
rents. (ii) Voltage ramps obtained at time-
points 1, 2, and 3 shown in (i).
neurons and in Xenopus oocytes expressing the mutant As shown in Figures 6A and 6B, coexpression of GIRK1
with weaver GIRK2 induced the expression of Na1 con-channel.
Given the compelling evidence that GIRK channels ductance, and this conductance was not enhanced
upon m2R activation (Figure 6A). On the other hand,in heart and brain are heteromultimers of two distinct
subunits (Krapivinsky et al., 1995; Kofuji et al., 1995; GIRK1 coexpressed with wild-type GIRK2 had a syner-
gistic effect on the amplitude of the expressed currentsLesage et al., 1995; Velimirovic et al., 1996), we next
tested the effects of weaver GIRK2 on GIRK1 activity. and modified the waveform of voltage-jump relaxations
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current of an oocyte expressing GIRK1 and weaver
GIRK2 was strongly inhibited by 20 mM MK-801. The
IC50 was estimated to be 3.1 mM for weaver GIRK2/
GIRK1 channels and z200 mM for the GIRK2/GIRK1
channels. QX-314 gave similar results: the IC50 was 10.5
mM for weaver GIRK2/GIRK1 channels and >200 mM for
GIRK2/GIRK1 channels (Figure 6D). We also tested the
effects of the Ca21 channel blocker verapamil: the IC50
was estimated to be of 3.5 mM for weaver GIRK2/GIRK1
channels and z120 mM for GIRK2/GIRK1 channels.
Rescue of weaver Cells by Pharmacological Agents
The channel blockers MK-801 and QX-314 provided
tools for testing whether Na1 entry through the mutant
GIRK2 channel causes the weaver granule cell pheno-
type. Therefore, granule neurons purified from P5
weaver cerebella were cultured in the presence of 10±50
mM MK-801 or 100 mM QX-314. After 2 days in culture,
these drugs markedly enhanced weaver granule cell via-
bility and neurite outgrowth (Figures 7E and 7G). To test
whether rescued weaver cells expressed markers for
late stages of differentiation, the cells were assayed
for TAG1 (Dodd et al., 1988), which is expressed by
postmitotic granule cells (Kuhar et al., 1993) but not by
weaver granule cells (Gao et al., 1992). weaver granule
cells treated with MK-801 (Figure 7F) and QX-314 (Figure
7H) were TAG1 positive,whereas the surviving untreated
cells were TAG1 negative (Figure 7D). The drugs had no
obvious effect on survival, neurite outgrowth, and TAG1
expression in wild-type granule cells (data not shown).
QX-314 also blocks voltage-gated Na1 channels, al-
beit from the internal surface of the cell (Hille, 1992). We
therefore tested whether tetrodotoxin (TTX, 0.4±10 mM),
another Na1 blocker, rescued weaver granule cells in
culture; there was no rescue. To test whether MK-801
is exerting its rescuing effects by blocking NMDA recep-Figure 3. Purified weaver Granule Cells Lack GTP-g-S-Induced Cur-
tors, we applied a different specific NMDA receptor an-rents and Have Increased Na1 Conductance
tagonist, aminophosphonovalerate (APV), at concentra-(A) Holding currents at 2100 mV from purified wild-type (wt) and
tions of 4, 10, and 100 mM in weaver granule cells. Thereweaver granule cells. The pipette solution contained 100 mM GTP-
g-S while [K1]o 5 25 mM. The holding currents were determined was no effect on neurite outgrowth or TAG1 expression
from voltage ramps from 2100 mV to 20 mV at intervals of 10 s. (data not shown).
Note the time-dependent increase of the holding currents for the The presumed toxicity of elevated intracellular Na1
wild-type cells but not for the weaver cells. probably involves several different mechanisms, but in
(B) Holding currents at 2100 mV of weaver granule cells in external
many cases, Ca21 entry is involved. We therefore appliedsolutions containing Na1, K1, NMDG1, or Na1 plus 100 mM QX-314.
drugs that block one or more of the voltage-dependentFor the wild-type (wt) granule cells, the measurements were made
Ca21 channels expressed in rat cerebellar granule cellsonly in Na1 solution. Data were pooled from 9 to 20 cells for each
(Randall and Tsien, 1995). Only verapamil (20 mM) pro-experimental condition. Current traces in (A) and (B) were obtained
from purified granule cell cultures. moted neurite outgrowth, cell viability, and TAG1 ex-
pression (data not shown). Rescue was not observed
with the other L-type Ca21 channel blockers nifedipine(data not shown), as found previously in studies on het-
and diltiazem (1±20 mM) nor with the N-type Ca21 chan-eromultimeric channels (Kofuji et al., 1995). Thus, the
nel blocker v-conotoxin GVIA (100±200 nM, data noteffect of the weaver mutation on GIRK2 channel activity
shown). Because our experiments with oocytes clearlypersisted in the presence of GIRK1 protein.
showed that verapamil blocks the weaver channel di-Because the weaver mutation caused a large de-
rectly, it seems most likely that the verapamil rescuecrease in channel selectivity, we also examined whether
proceeded via blockade of the Na1 flux rather than viacharged channel blockers, such as MK-801 and QX-
Ca21 channel blockade.314, could occlude preferentially the mutated channel.
Although the details of block by these drugs differ
Discussionamong different channel types, they generally inhibit
by physically occluding the channel pore (Hille, 1992).
Inwardly rectifying K1 channels are not known to be The present study provides functional evidence that the
reported mutation in the gene encoding a G protein±targets for these drugs, but surprisingly, weaver GIRK2
channels were readily blocked at moderate concentra- gated inwardly rectifying K1 channel, GIRK2 (Patil et
al., 1995), results in a failure of cerebellar granule celltions (1±100 mM). As illustrated in Figure 6C, the inward
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Figure 4. The weaver Mutation in GIRK2 Induces Highly Na1-Permeable Channels and Causes G Protein-Independent Gating When Expressed
in Xenopus Oocytes
(A) GIRK2 currents evoked by 500 ms voltage steps to test potentials between 280 mV and 10 mV. Solutions contained either 98 mM Na1
(98 Na), 49 mM K1 (49 K), or 49 mM K1 plus 1 mM ACh. The current±voltage relationship shows data 200 ms after the start the of test pulse.
(B) weaver GIRK2 currents obtained in 98 mM Na1 (98 Na), 98 mM K1 (98 K), or 98 mM NMDG1 (98 NMDG). Holding potential was 240 mV.
(C) Bar graph showing the average current (6SEM) at 250 mV in oocytes injected with cRNAs for m2R plus either GIRK2 or weaver GIRK2.
The currents were recorded in 98 Na, 49 K, or 49 K plus ACh.
(D) Average current in oocytes expressing GIRK2 or weaver GIRK2 plus Gb1g2. Values were estimated at 49 K at 250 mV.
differentiation in weaver mice. Analysis of cultured gran- account for the fact that a recent study (Mjaatvedt et
al., 1995) failed to detect similar currents in wild-typeule neurons and of mutant GIRK2 channels expressed
in Xenopus oocytes shows that the mutation in GIRK2 granule neurons.
In purified weaver granule cells, GIRK currents werecauses a constitutively active channel with enhanced
Na1 conductance, leading to excessive Na1 influx. This undetectable. However, weaver granule cells displayed
a higher Na1 permeability than wild-type cells, and thisNa1 influx appears to be the underlying cause of the
weaver granule cell phenotype, since open channel increased Na1 permeability was blocked by QX-314.
Although it remains formally possible that these proper-blockers that reduce the Na1 conductance can rescue
these cells in vitro. ties arise independently and/or indirectly from the
GIRK2 mutation, the simplest hypothesis is suggested
by the oocyte expression studies: the mutant GIRK2GIRK Currents in Granule Cells
channel has become constitutively active and nonspe-Our study also reports the presence of GIRK currents
cific for monovalent cations.in cerebellar granule cells, although several previous
We point out that with intracellular perfusion of GTP-studies have reported that voltage-dependent Ca21
g-S, the amount of current evoked in wild-type cells waschannels are modulated by G protein±coupled GABAB
close to 80 pA/pF; this level exceeds the leak observedand glutamate receptors in granule neurons (Zerr et al.,
in weaver cells (z20 pA/pF). Several factors could ac-1993; Chavis et al., 1994). These GIRK currents were
count for the lower GIRK current level in the weaverrapidly activated on stimulation of GABAB receptors,
granule cells. Fewer weaver GIRK2 channels may bewere also evoked by intracellular dialysis with GTP-g-S
but not by GTP, and were sensitive to Ba21. We cannot assembled on the cell membrane, the single-channel
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Properties of weaver Mutation Revealed
by Oocyte Expression
In K1 channels of both voltage-gated and inwardly recti-
fying families, the pore is thought to be formed in part
by the P region; perhaps this domain adopts a b-hairpin
structure (Nichols, 1993). A GYG motif is highly con-
served. The first glycine that is mutated in weaver is
absolutely conserved among K1 channels in these two
families. Heginbotham et al. (1994) constructed and
tested the Gly→Ser mutation at the equivalent position
in Shaker channels; the resulting channel was nearly
nonselective among monovalent cations. We now find
that this mutation renders GIRK2 nonspecifically selec-
tive for monovalent cations as well, consistent with re-
cent findings (Slesinger et al., 1996).
The granule cell rescue experiments were conceived
from our observation that the weaver GIRK2 channel
acquires increased sensitivity to the two classical cation
channel blockers, QX-314 and MK-801. We interpret
this block of weaver GIRK2 as further evidence that the
mutant channel has a markedly changed permeation
pathway. Interestingly, the weaver GIRK2 channel also
displays reduced inward rectification. Inward rectifica-
tion is normally caused by binding of intracellular Mg21
and/or polyamines (Lopatin et al., 1994; Fakler et al.,
1995). The reduced rectification may arise because
these blockers bind more weakly at the channel pore
or, more intriguingly, because they permeate without
blocking. We may expect new insights about ionchannel
function from further study of weaver GIRK2 and other
GIRK channels.
A second and unexpected effect of the weaver muta-
tion was the disrupted coupling of G protein bg subunitsFigure 5. K1 Selectivity of GIRK2 and weaver GIRK2 Channels
to channel function: we detected no increased currents(A) Voltage-clamp currents during ramps lasting 1.5 s and covering
either by m2R activation or by overexpression of G pro-the range from 2100 to 0 mV or from 250 to 30 mV. Na1 was
substituted for K1 teins Gb1g2. For GIRK1, and probably GIRK2, the chan-
(B) Reversal potential (Erev) values for weaver GIRK2 and GIRK2 nel binding site for G proteins is located in the carboxyl
currents obtained from four to six cells in each concentration. The tail domain and therefore is not expected to be affected
traces from the top to the bottom are the expected shifts in Erev by the pore mutation (Huang et al., 1995; Kunkel and
with a PK/PNa of 2, 5, 10, and 20. The Erev values were fit using the Peralta, 1995). Thus, the Gly→Ser mutation probablyGoldman±Hodgkin±Katz equation:
affects a gating step subsequent to the binding of G
protein, possibly because the channel cannot close onErev 5
RT
F
(PNa[Na]0 1 PK[K]0)
PK[K]i the polar serine residue.
assuming [K]i 5 100 mM. When weaver GIRK2 and GIRK1 are coexpressed in
oocytes, only properties of the weaver GIRK2 channel
are observed, suggesting that the mutation acts in a
conductance could be lower, channel open time or dominant negative manner. This could be due to the
opening rate may be reduced, and/or the channels could weaver mutation favoring expression of homomultimeric
be more subject to inactivating posttranslational modifi- weaver GIRK2 channels in oocytes; if so, then the rela-
cations than normal channels. tively low levels of GIRK1/GIRK5 (Hedin et al., 1996)
The fact that we have not detected GIRK activation heteromultimers might not be sufficient to counteract
in weaver granule cells despite the presence of GIRK1 weaver GIRK2 activity. Alternatively, weaver GIRK2
and GIRK3 transcripts at this developmental stage polypeptide might coassemble with GIRK1 but the het-
shows that these other subunits could not compensate eromultimeric channels would retain the constitutively
for the weaver GIRK2 expression. Yet, in previous stud- active phenotype of the weaver GIRK2 homomultimeric
ies on oocytes, GIRK1 and GIRK3 were able to form channels. These observations are consistent with the
functional heteromultimeric channels (Kofuji et al., semidominant nature of the weaver mutation.
1995). Such a discrepancy indicates that the cellular
context influences the protein assembly of GIRK chan-
nels. Indeed, recent heterologous expression of GIRK1 GIRK2 Expression and the weaver
Developmental Phenotypeshows that this polypeptide is nonfunctional in mamma-
lian cells despite functional expression in Xenopus oo- The expression of GIRK2 in wild-type and weaver P6
cerebellar granule cells supports the general conclusioncytes (Krapivinsky et al., 1995). In native neurons, GIRK2
may be a necessary subunit in all functional GIRK that GIRK2 is the weaver gene that was shown to act
in cerebellar granule cells (Goldowitz and Mullen, 1982;channels.
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Hatten et al., 1986; Goldowitz, 1989). However, the ex-
pression pattern of GIRK2 does not yet explain all as-
pects of the weaver phenotype. The weaver mutation
blocks granule cell differentiation and does not affect
granule cell proliferation (Rezai and Yoon, 1972); yet we
observed GIRK2 transcripts in the proliferating rhombic
lip at 14.5 dpc and in both the outer proliferating and
inner differentiating zones of the EGL from 17.5 dpc to
P6. In addition, the weaver phenotype is more severe
in midline cerebellar granule cells (Herrup and Trenkner,
1987); however, we observed no regional differences in
GIRK expression.
GIRK2 is widely expressed during development and
in the adult throughout many regions of the CNS. In
particular, GIRK2 is expressed in the hippocampus, and
recently, developmental abnormalities have been de-
scribed in the CA3 region of weaver mice (Sekiguchi et
al., 1995). Dopaminergic neurons of the substantia nigra
also express GIRK2 (Kobayashi et al., 1995) and degen-
erate in weaver mice (Gupta et al., 1987; Triarhou et al.,
1988; Graybiel et al., 1990; Roffler-Tarlov et al., 1996).
It will be of interest to reexamine other areas, such as
olfactory bulb granule cells, where GIRK2 is expressed
but where no structural or functional abnormalities have
yet been reported.
Na1 Influx and the weaver Phenotype
Treatment of weaver granule cells with the cation chan-
nel blockers QX-314 and MK-801 resulted in the survival
and differentiation of the weaver granule cells, as as-
sessed by their ability to extend neurites and to express
the axonal glycoprotein TAG1. We contend that these
drugs rescue weaver granule cells because they directly
block theweaver GIRK2 channel. Two classes of electro-
physiological experiments support this conclusion.
First, QX-314 suppressed the Na1 leak with no detect-
able delay after addition to weaver granule cells. Sec-
ond, QX-314 and MK-801 blocked the Na1 conductance
of Xenopus oocytes injected with weaver GIRK2, and
the blocking concentration was in the same range that
rescued cultured granule neurons and blocked their Na1
leak. In the absence of such blockade, the Na1 leak
presumably imposes a heavy metabolic burden on the
Figure 6. Selectivity, Gating, and Blockade by MK-801 and QX-314
of weaver GIRK2/GIRK1 and GIRK2/GIRK1 Channels
(A) Bar graph showing the average current at 250 mV in oocytes
injected with cRNAsfor m2R and GIRK1 plus either GIRK2 or weaver
GIRK2. A group of cells was also injected with H2O. The currents
were recorded in 98 Na, 49 K, or 49 K plus ACh.
(B) K1 dependence of reversal potential (Erev) values for weaver
GIRK2/GIRK1 and GIRK2/GIRK1 currents. Oocytes were coinjected
with G proteins b1 and g2. Na1 was substituted for K1.
(C) MK-801 blockade of GIRK2/GIRK1 and weaver GIRK2/GIRK1.
Oocytes were coinjected with GIRK cRNAs and with cRNAs for G
proteins b1and g2. (Left) Blockade of weaver GIRK2/GIRK1 currents
by MK-801. Cell was held at 280 mV in 25 K external solution. MK-
801 at 20 mM was applied at the indicated time. (Right) Cumulative
dose-response relations for MK-801 blockade of GIRK1/GIRK2 cur-
rents or weaver GIRK2/GIRK1 currents. The data were obtained
from groups of four and six oocytes at 2100 mV, respectively.
(D) Dose-response relations for QX-314 blockade of GIRK2/GIRK1
currents or weaver GIRK2/GIRK1 currents. Data were obtained from
groups of six to ten oocytes for each condition. Membrane potential
was held at 2100 mV in 25 K external solution.
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Figure 7. MK-801 and QX-314 Rescue
weaver EGL Cell Neurite Extension and TAG1
Expression
Wild-type and weaver EGL cells were purified
from P5 cerebellum and cultured for 2 days
before immunohistochemistry for TAG1 ex-
pression. Wild-type granule cells (A, arrow)
extend long neurites and are positive for
TAG1 (B, arrow). In control weaver cultures
(C), most of the cells lack normal granule cell
morphology (arrowhead) and cells with gran-
ule cell morphology (arrow) are TAG1 nega-
tive (D). Culture of weaver EGL cells in the
presence of 20 mM MK-801 (E) or 100 mM QX-
314 (G) restores neurite outgrowth and TAG1
expression (F and H). Scale bar represents
50 mM.
weaver granule cell and thereby prevents it from execut- such blockade inoocytes and because otherCa21 chan-
nel antagonists such as nifedipine, diltiazem and v-con-ing many functions vital to differentiation and migration.
We also surmise that the weaver mutation is particu- otoxin GVIA displayed no rescuing effect. In short, three
very different drugs rescue weaver granule cells at con-larly harmful to the granule cells because their small
size implies a high surface-to-volume ratio, which in centrations that also block the weaver GIRK2 channel;
in each case, there is no rescue by other drugs thatturn implies that a given membrane density of weaver
GIRK2 channels produces markedchanges in intracellu- block the usual pharmacological target.
Although previous studies suggested GIRK2 as a can-lar [Na1].
There are few existing pharmacological studies on didate gene for weaver (Patil et al., 1995; Millonig et al.,
1996), our pharmacological rescue experiments provideblockers of inward rectifer K1 channels (Hille, 1992).
Therefore, the most appropriate reagents were those a direct demonstration that the mutation in weaver
GIRK2 causes the weaver granule cell phenotype.known to block other cation channels, although intracel-
lular QX-314 did block GIRK channels in previous stud-
ies (Andrade, 1991). The best known targets for QX-
314 are voltage-gated Na1 channels and nicotinic ACh The Role of weaver in Granule
Cell Differentiationreceptors and for MK-801 are NMDA receptors. None of
these channels have been described in neonatal weaver The function of GIRK2 does not appear to be required
for granule cell differentiation. GIRK currents were notgranule neurons, supporting our contention that the res-
cue involves weaver GIRK2 channels instead. Further- restored in weaver cells rescued by the open channel
blockers. Rather, it is the malfunction of the channelmore, both drugs rescue weaver at concentrations near
those that also block the weaver GIRK2 in oocytes, and that damages EGL precursor cells. The fact that weaver
acts to damage precursor cells rather than to directlyother drugs that block either voltage-gated Na1 chan-
nels or NMDA receptors (TTX and APV, respectively) fail to regulate a step in differentiation is unexpected from the
cellular and anatomical studies on the weaver mouse.rescue weaver granule cells. The Ca21 channel blocker
verapamil also rescued weaver granule cells; we sug- weaver has long been considered one of the most inter-
esting of the neurological mutant mice because the ac-gest that this rescue also proceeds via blockade of the
weaver GIRK2 channel, because we directly measured tion of the gene was limited to granule cell precursors
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heated at 948C for 4 min one time, followed by 30 cycles of 948Cin the midline aspect and because cells were vulnerable
for 1 min, 558C for 1 min, and 728C for 1 min. This was followed byto death only in the early stages of differentiation. De-
1 cycle at 728C for 8 min. The amplified product of the correct sizetailed electrophysiological experiments in other neu-
was isolated and cloned into the pCRTMII cloning vector (In-ronal populations will allow us to explain why the defec-
vitrogen).
tive GIRK2 currents affect only a subset of neurons in
the brain. Oocyte Electrophysiology
Previous studies showed rescue of weaver granule To obtain high levels of expression in Xenopus oocytes, mouse
cell neurite extension and migration in the presence of GIRK2 (Kofuji et al., 1995), weaver GIRK2, and rat GIRK1 (Dascal et
wild-type cells (Gao et al., 1992), suggesting that EGL al., 1993) cDNAs were subcloned into the pMXT, a plasmid in which
the cloning sites were flanked by the untranslated regions of Xeno-cells responded to a local signal by entering the differen-
pus b-globin. The plasmids were linearized by restriction digestiontiation pathway that includes expression of markers
with SalI. Muscarinic m2-type receptor (m2R) cDNA was a gift fromsuch as TAG1 and astrotactin (Gao et al., 1992). The
E. Peralta and was subcloned into pGEM3 plasmid and linearizedinterpretation that a local cellular signal within the EGL
with HindIII enzyme. G proteins Gb1 and Gg2 cDNAs were a gift
was defective in weaver granule cells was further sup- from L. Y. Jan and were linearized with NotI enzyme. Linearized
portedby the finding that membranes purified from wild- cDNAs were used as templates for the synthesis of capped in vitro
type granule cells could rescue weaver differentiation transcribed RNAs (cRNAs) using the mMessage mMachine kit (Am-
bion) with the appropriate RNA polymerase. The cRNAs were dis-in a dose-dependent manner and by the fact that the
solved in H2O and stored at 2808C. The weaver GIRK2 mutationaddition of wild-type cells to a cell suspension prior to
was generated using the bridge PCR mutagenesis method (Ho etimplantation into intact cerebellar cortex dramatically
al., 1989) and was confirmed by sequencing the entire amplifiedincreased the number of rescued weaver cells in vivo
fragment.
(Gao and Hatten, 1993). The present results show that Xenopus laevis frogs were anesthetized by immersion in 0.2%
the weaver gene does not directly encode such a local Tricaine solution, and stage V or VI oocytes were surgically removed.
signal, or ligand for differentiation. Our current results Isolation of oocytes and subsequent RNA injection was performed
can be reconciled with these earlier findings by the pos- as previously described (Quick and Lester, 1994). Electrophysiologi-
cal recordings were performed in 1 or 2 days postinjection usingsible activation of a transduction pathway in wild-type
the two microelectrode voltage-clamp configuration. Voltage con-cells that suppresses the function of the weaver GIRK2
trol and currents measurements were performed using an Axoclampchannel. This could involve phosphorylation by C-ki-
2A (Axon) amplifier interfaced to a 386 personal computer via anase, which inhibits GIRK channels both in neurons (Ta-
Labmaster AD (Scientific Solutions). Stimulation, data acquisition,
kano et al., 1995) and in the oocyte expression system and analysis were performed using the pCLAMP 5.5 or 6.0 program
(Chen and Yu, 1994). The present studies show that (Axon). Blockade of macroscopic currents by drugs were fitted with
weaver is a GIRK2 channel whose malfunction is detri- the equation:
mental to cerebellar granule cells. However, the identifi-
cation of local signals that control the entry of EGL I
Imax
5
1
(1 1 ((IC50/[D]h)cells into a differentiation pathway remains an important
problem in CNS development. in which h is the Hill coefficient and IC50 is the concentration of the
drug (D) in which there is half-maximal blockade of currents.
Recordings were initially made in Na1-containing solution (98 NaExperimental Procedures
solution) that consisted of 98 mM NaCl, 1 mM MgCl2, 5 mM HEPES±
NaOH (pH 7.3) and then in several K1-containing solutions in whichMice
NaCl was replaced by KCl. In some experiments, NMDG at 98 mMMice from which the cerebellar tissue was obtained were wild-type
was the only monovalent cation. Acetylcholine chloride (ResearchC57BL/6J and homozygous weaver B6CBACa-Aw-J/A-wv. The
Biochemicals International), (1)-MK-801 hydrogen maleate (Re-weaver animals were the offspring of heterozygous breeding pairs
search Biochemicals International), and QX-314 (Research Bio-originally purchased from The Jackson Laboratory.
chemicals International) were applied using a U-tube perfusion sys-
tem as previously described (Bormann, 1992). Current traces wereRNA In Situ Hybridization
not corrected for desensitization that amounted to <20% from theRadioactive RNA in situ analysis using 33P-labeled probes on cryo-
initial peak values. Solution exchange in the vicinity of the oocyte,sections was conducted as described by Millen and Hui (1996), and
as assessed by the speed of BaCl2 blockade of GIRK2 currents,nonradioactive RNA in situ analysis was performed as described
occurred in less than 2 s. All oocytes experiments were performedby Schaeren-Wiemers and Gerfin-Moser (1993). An En-2-specific in
at room temperature (208C±248C).situ probe (Millen et al., 1995) was used as a positive control, and
sense control probes were also used in all experiments.
Unique probes from GIRK1, GIRK2, GIRK3, and GIRK4 were gen- Granule Cell Electrophysiology
In some experiments, recordings were made from granule neuronserated by PCR amplification of mouse genomic DNA. The following
sequences were amplified: GIRK1, 1258±1642 bp (GenBank acces- from P4 to P6 mice cerebella isolated according to Hatten and
Francois (1981). Cells were plated in 12 mm glass cover slips coatedsion number D450223); GIRK2, 1739±1968 bp (U11859); GIRK3,
1463±2229 bp (U11860); GIRK4, 1245±1440 bp of the corresponding with Matrigel (Collaborative Research). Granule cells were recog-
nized by their distinct morphology and small size. For recordingsrat sequence (L35771). The following primers were used: GIRK1F,
59-GCTGCAGAAAATTACGGG-39; GIRK1R, 59-TCTCAGATTTCATA of weaver cells, we made use of granule cells purified by percoll
gradient sedimentation and preplating techniques (Hatten, 1985)GGGAGG-39; GIRK2F, 59-AAGAACCCGGAAGAACTGAC-39; GIR-
K2R, 59-ATAAACCATCTTAGCCCGC-39; GIRK3F, 59-CAGAGAGTGA plated onto 16-well Labtek tissue culture dishes coated with poly-
D-lysine (0.5 mg/ml; Sigma) and Matrigel (26 mg/well) in granule cellGTCCAAGG-39; GIRK3R, 59-TCCATGGCCTTTCCTCTG-39; GIRK4F,
59-TGAGACCAACACACCCAG-39; GIRK4R, 59-CACATTGAGCCCCT medium (BME, 5% fetal bovine serum, 10% horse serum, 90 mg/
ml glucose, 2 mM glutamine, penicillin/streptomycin) at a densityTGTTGC-39. The following conditions were used for PCR amplifica-
tion: 100 ng of mouse genomic DNA and each primer and 5 ml of of 100,000 cells per well. The cells were kept at 358C, 5% CO2, 95%
humidity. Conventional whole-cell patch-clamp recording (Hamill etcresol red loading dye in a total volume of 20 ml; the samples were
heated at 948C for 3 min; 2.5 ml of 103 buffer (100 mM Tris±HCl [pH al., 1981) was performed using borosilicate glass capillaries (Sutter)
pulled to a final tip resistance that ranged from 3 to 6 MV. Extracellu-8.3], 15 mM MgCl2, 750 mM KCl), 2.0 ml of 2.5 mM dNTP, and 0.25
U of Taq polymerase were added and mixed. The samples were lar solution consisted of the following: 147.5 mM NaCl, 2.5 mM KCl,
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1 mM MgCl2, 2 mM CaCl2, 5 mM HEPES±NaOH (pH 7.3), and 10 mM K1 channel: expression cloning and molecular properties. Proc.Natl.
Acad. Sci. USA 90, 10235±10239.dextrose. In Na1 solution, KCl was replaced by NaCl; in NMDG
solution, NMDG at 150 mM replaced NaCl and KCl; in K1 solution, Dodd, J., Morton, S.B., Karagogeos, D., Yamamoto, M., and Jessel,
all NaCl was replaced by KCl. In some experiments, KCl was raised T.M. (1988). Spatial regulation of axonal glycoprotein expression of
to 25 mM or 50 mM by equimolar substitution of NaCl. Intracellular subsets of embryonic spinal neurons. Neuron 2, 105±116.
solutionconsisted of 125 mM K aspartate, 40 mM NaCl, 3 mM MgCl2, Doupnik, C.A., Davidson, N., and Lester, H.A. (1995). The inward
1 mM EGTA, 5 mM HEPES±NaOH (pH 7.3), 2 mM MgATP, and 0.1
rectifier potassium channel family. Curr. Opin. Neurobiol.5, 268±277.
mM NaGTP. In some experiments, GTP was substituted with 0.1
Fakler, B., Brandle, U., Glowatzki, E., Weldemann, S., Zenner, H.-P.,mM of guanosine-59-O-(3-thiotriphosphate) tetralithium (Calbio-
and Ruppersberg, J.P. (1995). Strong voltage-dependent inwardchem). Current recordings were recorded with an Axopatch 1D am-
rectification of inward rectifer K1 channels is caused by intracellularplifier (Axon) interfaced to a 386 personal computer through a Digi-
spermine. Cell 80, 149±154.data 1200 (Axon). Voltage command, data acquisition, and analysis
Gao, W.-Q., and Hatten, M.E. (1993). Neuronal differentiation res-were performed using the pCLAMP 6.0 software. Signals were fil-
cued by implantation of weaver granule cell precursors into wild-tered at 1 kHz, and series resistance compensation was not em-
type cerebellar cortex. Science 260, 367±369.ployed. All recordings were done at room temperature (208C±248C).
Gao, W.-Q., Heintz, N., and Hatten, M.E. (1991). Cerebellar granule
Rescue Studies cell neurogenesis is regulated by cell±cell interactions in vitro. Neu-
Granule cells were purified as described above and plated onto ron 6, 705±715.
16-well Labtek tissue culture dishes coated with poly-D-lysine and
Gao, W.-Q., Liu, X.-L., and Hatten, M.E. (1992). The weaver gene
Matrigel (Collaborative Research). Drugs were added at time of plat-
encodes a nonautonomous signal for CNS neuronal differentiation.
ing. TAG1 staining was performed as described previously (Gao et Cell 68, 841±854.
al., 1991) with monoclonal antibody 4D7, which was a gift from Drs.
Goldowitz, D. (1989). The weaver granuloprival phenotype is due toJ. Dodd and T. Jessell (Columbia University). The drugs used were
intrinsic action of the mutant locus in granule cells: evidence fromobtained commercially as indicated: MK-801, QX-314, TTX, and
homozygous weaver chimeras. Neuron 2, 1565±1575.D(2)APV from Research Biochemicals International; verapamil,
nifedipine, v-conotoxin GVIA from Calbiochem; diltiazem from Goldowitz, D., and Mullen, R.J. (1982). Granule cell as a site of
Sigma. gene action in the weaver cerebellum: evidence from heterozygous
mutant chimeras. J. Neurosci. 2, 1474±1485.
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